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Order-disorder transition at the (001) surface of a 3 at. %-Au-rich CuzAu crystal
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The order-disorder transition at the (001) surface of a 3 at. %-Au-rich CusAu crystal has been studied using
surface x-ray scattering and Auger-electron spectroscopy. CuzAu is a prototypical system for ordering alloys
which undergo a first-order bulk phase transition. In contrast to previous studies on Cu;Au(001), we find that
the order-to-disorder transformation at this Au-rich surface occurs at a temperature about 20 K above the bulk
transition temperature (7, = 644.5+2 K). Changes in the near-surface composition during these transitions
are less than 0.5%. Type-1 antiphase domain boundaries, which leave nearest-neighbor configurations un-
changed, form preferentially parallel to the surface. A phase is revealed with a large repeat distance normal to
the surface and possibly involving type-II antiphase domain boundaries. The time dependence of the growth of
the ordered domains during annealing times between 10> to 10° s was investigated through the X-ray measure-
ment of the superstructure beam profile following a quench from the disordered state to a range of final
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temperatures in both the surface and bulk phases. In both cases the kinetics of the domain growth was

substantially slower than the previously reported ¢

172

growth for the bulk. The nature of surface ordering is

discussed in terms of surface segregation and formation of two types of antiphase domain boundaries.

I. INTRODUCTION

Alloys in the Cu-Au alloy system have been studied for
decades as prototypes of systems that undergo an order-
disorder transformation." More recently, CusAu surfaces
have been studied as examples of systems with a continuous
surface phase transition but a first-order bulk transition.>™
Lipowsky and co-workers have discussed the influence of
the surface on order-disorder transitions for these systems in
terms of wetting and drying transitions.*” The time depen-
dence, or kinetics, of the bulk CuzAu phase transition has
also been studied extensively. However, the study of the ki-
netics of surface phase transitions on binary alloys has just
begun in the last several years and the systems studied so far
have been almost exclusively CusAu surfaces. This is due in
part to the extensive characterization of the Cu-Au alloy sys-
tem in general and the CuzAu surfaces in particular.

In this paper we describe the order-disorder phase transi-
tion at the (001) surface of a Au-rich CusAu single crystal.
The specific composition is Cu;,Au,g. The composition of
the surface region has been investigated as a function of
temperature using Auger-electron spectroscopy (AES). The
quasiequilibrium behavior and the effect of a surface on the
first-order bulk phase transition of this sample have been
investigated with grazing-incidence x-ray scattering (GIXS).
The kinetics of the transformation were also studied with
GIXS through a series of quenching experiments. These re-
sults are interpreted in terms of the interplay between the
bulk and the surface and the formation of another phase in
the coexistence region of the phase diagram. Preliminary re-
ports of some of our results have been published.g’9

The paper is organized in the following order. In Sec. II, a
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brief review of previous publications relevant to our work is
given. Section III describes the experimental methods em-
ployed in this study. The experimental results are presented
in Sec. IV followed by discussions of the results in Sec. V. A
summary is given in Sec. VL.

II. PREVIOUS STUDIES ON CuzAu
A. Cu-Au phase diagram

Figure 1 shows the portion of the Cu/Au phase diagram
relevant to this paper. Cu and Au are completely miscible in
the bulk in all concentrations above about 663 K. Below this
temperature there are several ordered equilibrium structures
depending upon the stoichiometry. Stoichiometric Cu;z Au has
a first-order critical temperature Ty, of about 663 K.! Be-
low Ty the equilibrium phase is CusAu I, an ordered cubic
structure with Cu atoms occupying the face centers and Au
atoms at the corner sites as shown in Fig. 2(a). The compo-
sition of adjacent {001} planes alternates between 50% Cu-
50% Au and 100% Cu. The diffraction beams are observed
for all Miller indices (hkl). Above Ty, the lattice sites are
randomly occupied by Au and Cu atoms and all diffraction
beams with mixed odd/even Miller indices become structure
factor forbidden. Therefore, beams such as the (001) and
(101) reflections provide a convenient way to monitor the
bulk order-disorder transition. The beams that are forbidden
above Ty, are called superstructure beams, while those
that are still observed are called fundamental beams.

CujzAu has two kinds of antiphase domains. Type-I an-
tiphase domain boundaries involve half-diagonal glides in a
(110) direction. For example, in a 50% Cu-50% Au layer
perpendicular to the a; direction, a slip of (a,+a3)/2 cre-
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FIG. 1. The phase diagram of bulk Cu-Au near 25 at. % Au.
Coexistence boundaries (O’s) are from Ref. 15. The other data
points indicate regions with long-range periodic structures (stars
and squares from this work, +’s from Ref. 16, X’s, Ref. 17). See
the text for details.

ates a type-I antiphase domain boundary. Since nearest-
neighbor bonds are not changed by this type of antiphase
domain boundary, the energy expense is small. Antiphase
boundaries are most commonly studied by x-ray scattering
since they cause characteristic changes in the shapes of the
superstructure beams which, for the bulk, are analyzed in
terms of two limiting cases.'? One of these, illustrated in Fig.
2(b), assumes that the type-I antiphase domain boundaries
are present in all symmetry equivalent orientations and form
with equal probability at every lattice site. In this case, the
broadening is anisotropic, forming diamond shaped “‘disks”
of intensity at each superstructure position.”’12 In the other
limit, the type-I antiphase domain boundaries are assumed to
have good long-range order, in which case the intensity of
each sheet is replaced by four distinct beams centered at the
location of each superstructure beam as illustrated in Fig.
2(b) by the crosses around the (010) reciprocal-lattice point.
We show below that neither of these limiting cases describes
the behavior we observed near the (001) surface.

The second kind of antiphase domain boundary is referred
to as type II and occurs whenever two adjacent layers in a
(001) direction have the same composition rather than alter-
nating as for the perfect CuzAu I crystal structure. Due to
their higher energy cost, they are expected to be less likely to
form than type-I antiphase domain boundaries. But, once
formed, they will be more difficult to remove. We present
evidence below for a bulk phase in our sample involving
type-II antiphase domain boundaries.

For concentrations that are Au- or Cu-rich with respect to
CuzAu, there is a coexistence region between the solid solu-
tion and CujAu I phases. A long-range periodic structure
comprised of a periodic arrangement of type-I antiphase do-
main boundaries occurs in the coexistence region on the Au-
rich side, but not on the Cu-rich side.'? It is called CusAuII,
in analogy with the well-studied and theoretically explained
long-range periodic structure of CuAu II.'"* Previous experi-
mental data relevant to the phase diagram are summarized in
Fig. 1. The points for the coexistence curves (circles) are
taken from resistivity data,’ the +’s from Scott,'® and X’s
from Yakel'” give the temperatures at which phase changes
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FIG. 2. (a) The low-temperature unit cell of bulk Cuz;Au L (b) A
portion of the reciprocal lattice of bulk CuzAu II. The solid dots are
the fundamental beams observed at all temperatures. The diamond-
shaped diffraction “disks” are centered on the positions of the su-
perstructure beams and occur for the CuzAu II phase. Each disk
sharpens into four points (X’s) if well-ordered arrays of type-I
antiphase domain boundaries are present. Also shown (small
squares) are the relative locations of the satellite reflections for a
new phase (see text).

were observed by x-ray diffraction. In the direction of in-
creasing temperature the points separate regions of CuzAu I,
Cuj;Au I plus Cuz;Au II, CusAu II, CuzAu II plus solid solu-
tion, and solid solution. Although the results are generally
similar, discrepancies in the reported phase boundaries and
transition temperatures exist. Several results from our quasi-
equilibrium studies are also included (filled stars and
squares) in Fig. 1 and will be discussed below.

B. CuzAu surfaces

Although previous studies of the surfaces of Cus;Au indi-
cate that the low index surfaces behave quite differently from
the bulk,>*%18-3% many issues remain unresolved due to
contradictions among the measurements. For example, on the
question of the surface order-disorder transition, early exami-
nations of the (001) surface using low-energy electron dif-
fraction (LEED) and AES (Refs. 25 and 26) showed that the
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surface ordered phase is the same as in the bulk, but that its
phase transition was continuous rather than first order. An-
other LEED study on (001) (Ref. 2) was unable to distin-
guish whether the surface transition was continuous or partly
discontinuous (with Ty, about equal to Ty in agreement
with Sundaram et al.?). Subsequently, other investigations
using spin-polarized LEED found the surface transition to be
continuous.>* Jamison et al.? also reported evidence for re-
sidual local order in the top layer above Ty, . Alvarado et
al.* interpreted their results in terms of a critical wetting
transition. This interesting conclusion has also been de-
scribed theoretically.é’7 Later, x-ray evanescent-wave scatter-
ing by Dosch et al. from the sample used in Ref. 4 produced
evidence for critical wetting by a surface-induced disordered
layer below T',,;.° We note that the composition of this
sample is 1.5% rich in Cu.*® Such small differences in
sample composition may explain some of the discrepancies
among published experimental results. For example, a graz-
ing incidence x-ray scattering study by Liang et al. of a
stoichiometric Cu;Au sample’! showed that an ordered sur-
face layer persists at temperatures above Ty, in contrast to
the surface disorder observed on the Cu-rich sample.’

The surface composition of an alloy may change as a
function of temperature and this could also influence any
phase transition. In the case of Cus;Au (001) below the bulk
transition temperature 7y, , the surface is terminated by a
layer with composition very near 0.5 Au and 0.5 Cu and the
next layer is very close to 100% Cu as expected from the
bulk structure.'®~** Analysis of low-energy Ne ion scattering
from a sample with about the same bulk composition as ours
(3 at. %-Au-rich) yielded a Au concentration in the first two
layers that is “‘essentially constant at 0.5 and 0, respectively”
for temperature below 673 K.!® (However, the data presented
in Fig. 2 of Ref. 18 indicate that a 0.52 Au concentration in
the first layer is consistent with the data and values given in
the text indicate a 0.06 Au concentration in the second layer.)
By 723 K, the Au concentration begins to decrease in the
first layer and increase in the second. McRae and Malic,?
using Auger spectroscopy, report that no changes in the Cu
or Au signals are observed upon heating or cooling through
the transition temperature. A room-temperature study com-
bining scanning tunneling spectroscopy and low-energy neu-
tral ion scattering concluded that the Au concentration in the
surface layer is precisely 0.5, that the surface layer is never
pure Cu even in small regions, that only double height steps
occur with a height 0.15 A larger than the bulk spacing, and
that the surface is unreactive to oxygen and nitrogen.19 Re-
ichert et al.?® analyzed the x-ray surface truncation rods of a
1.5 at. %-Cu-rich sample in the temperature range of
T vuxt+2 K to Ty +216 K and concluded that the Au con-
centration of the top-most surface remains constant at
about 0.44. This contrasts with a 3 at. %-Au-rich crystal
where the Au composition decreases above Ty . '8

Theoretical calculations of the surface composition of
CusAu (001) are in general agreement with experiments. The
most recent study®? finds that the Au-rich termination is fa-
vored by about 0.3 J/m? over a pure Cu termination, that the
surface layer is buckled with the Au atoms relaxed outward
from the bulk spacing and the Cu atoms inward, and a pair-
ing of Cu atoms in the second layer. An abrupt decrease by
several percent in the surface layer Au concentration at
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Twux and a further decrease at higher temperatures is pre-
dicted by the cluster-variation method.?>**

C. Kinetics of ordering

In bulk CujzAu, after rapidly quenching from the disor-
dered state (7>Ty,) to an annealing temperature
T<Tyu, long-range order develops in stages involving the
formation and growth of antiphase domains. The average
ordered domain size increases proportional to ¢!*2 for sto-
ichiometric and Au-rich samples**—® as expected from the
Lifshitz-Allen-Cahn law*"* for curvature driven growth in a
system with two degenerate phases. For times less than about
1000 s after the quench, the diffraction profile is best de-
scribed by a Gaussian.'"'? At later times the line shape is
Lorentzian squared.'"!>** The earliest stage of ordering
(<100 s) (Ref. 39) is continuous and begins well above the
classical spinodal temperature [ Ty, — 34 K (Ref. 40)].

There have been comparatively few studies of the order-
ing kinetics at alloy surfaces as compared to the bulk. Order-
ing kinetics at the CuzAu (110) surface have been studied
with LEED for the time regime from 10% to 10° s after a
quench.28 Ordering begins at about 6 K below the bulk tran-
sition temperature, domain size increases according to a t"
law, and occurs in three distinct time regimes, each charac-
terized by a value of n. In each regime, n is considerably
smaller than the bulk value of 1/2. In contrast, a domain-
growth exponent n=0.4*0.1 was observed at the (111) sur-
face of a 5000-A-thick CusAu film.>® This value is essen-
tially the same as the Lifshitz-Allen-Cahn theory value
which is valid in the bulk.

III. EXPERIMENTAL METHODS

The copper-gold alloy sample was a cylinder of height
3.25 mm and diameter 10.1 mm. Three mounting slots were
cut in the sides with a diamond saw. One end face was pol-
ished to a mirror finish with the final step being a 0.05 um
alumina slurry. The outward pointing surface normal was
within 0.5° of the [001] direction and tilted midway between
[0-10] and [1-10] directions in the surface. The sample con-
sisted of six crystalline grains with in-plane orientations
varying by up to 2.5° so that diffraction from individual
crystallites was easily possible. The mosaic spread within
each crystallite was about 0.25°. After cleaning in vacuum,
the coherence length parallel to the surface of an individual
grain was at least 500 nm. The bulk lattice constant at room
temperature was determined by x-ray diffraction to be
0.3762+0.0005 nm which corresponds to 28+ 1 at. % Au.*!
The bulk order-disorder temperature was 644.5+2 K, as dis-
cussed below, and corresponds to 29+ 1.5 at. % Au.! Ruth-
erford backscattering spectroscopy (RBS) yielded a compo-
sition of 27.9+ 1.0 at. % Au.*> RBS analysis was done at the
same time on several other crystals.>° One, the crystal used
in a low-energy ion scattering study,'® was found to be
29.0x2.0 at. % Au, which is the same composition within
experimental uncertainty as the crystal used by us.

The sample was mounted on a Ta plate with Ta tabs. Heat-
ing was by radiation from behind. Temperature was mea-
sured with a type-K thermocouple attached to one of the
tabs. The thermocouple was calibrated in two ways. In the
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first, the sample was transferred to an x-ray diffractometer
with an oven that could be filled with nitrogen gas to insure
an isothermal environment and avoid any temperature gradi-
ent between the sample surface and the thermocouple. The
intensity of the (001) bulk x-ray reflection was used to moni-
tor the order. In the second, carried out following the final
X-ray measurements, an additional type-K thermocouple was
placed directly in contact with the center of the crystal sur-
face. Both methods yielded a bulk order-disorder tempera-
ture of 644.5=2 K. At this temperature, type-K thermo-
couples have an accuracy of =2.8 K*®

Surface cleaning with 500 eV Ar* ions left the surface
depleted of Au as reported previously.? The equilibrium sur-
face composition was restored quickly by heating above 675
K for a few minutes but a sharp LEED pattern required heat-
ing for 20-30 min in general agreement with previous
studies.>*19%5-2" To eliminate the possibility of sulfur
segregation,* which we found to occur in detectable amounts
of about 925 K or higher, we kept the temperature below 800
K. The (001) surface of CusAu is unreactive.'” We found
that, after cleaning in uhv, no detectable adsorption from the
residual background occurred for several days. This is criti-
cal for the kinetic studies since they required more than 24 h.

X-ray-scattering experiments using 0.107 809 nm photons
were carried out at Exxon beamline X10A at the National
Synchrotron  Light  Source, Brookhaven  National
Laboratory.** Both x-ray scattering from the bulk and graz-
ing incidence x-ray scattering (GIXS) for surface studies are
possible. The outward surface normal is taken to be in the
[00]] direction and the [A00] and [0kO] directions are
taken to be parallel to the surface. The critical angle for total
external reflection from CuzAu is a.=0.33° and an incident
angle a=0.5° results in a penetration depth of about 30 nm.
The beam size on the sample was set by slits to be about 5
mm by 0.5-2.0 mm; the precise size and shape varied with
the scattering angle 2 6. The regions in reciprocal space that
were studied in detail were the (100), (110), (101), (111),
(001), and (002) reflections and the (00), (10), and (11)
reciprocal-lattice rods [see Fig. 2(b)]. The x-ray data reported
were acquired from individual grains in the mosaic but not
all data is from the same grain. In all plots of the x-ray data,
the reciprocal lattice is dimensioned using the room-
temperature lattice constant and has not been corrected for
thermal expansion. All data are normalized to the incident
beam intensity which was monitored simultaneously.

The most sensitive measurements of the surface composi-
tion were made in a uhv chamber at the University of Maine
using AES. A single-pass cylindrical mirror analyzer was
used with a modulation amplitude of 1.0 V peak-to-peak and
a 3 keV primary electron beam incident normally on the
surface. Data where obtained for the energy range containing
the Cuysyy and Auyyy transitions near 60 and 70 eV, respec-
tively; we denote the peak-to-valley intensities of the peaks
corresponding to these transitions by I¢, and I »,, respec-
tively. The data were not corrected for a small temperature-
dependent change in the shape of the background (probably
caused by magnetic fields generated by the sample heater
current) since this correction would change the ratio
R=1I¢,/1,, by less than one-tenth of its statistical variation.
The measured R as a function of temperature is shown in
Fig. 3 and will be discussed later.
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FIG. 3. Cu/Au Auger ratio as a function of temperature near the
bulk and surface order-disorder transitions at 7, and Ty, re-
spectively.

A temperature controller was used to maintain the sample
temperature to within =0.5 K of a preselected value during
x-ray scattering and Auger spectroscopy measurements. Fig-
ure 4 shows a typical temperature history for one quench
along with x-ray-diffraction data taken at the same time. The
initial cooling rate is faster than 0.7 K/s. The maximum un-
dershoot varied between about 1.5 K for the shallowest
quenches to about 2.6 K for the deepest quench. In all cases,
the temperature stabilizes to within 0.5 K of its final value
T; in less than 300 s.

Synchrotron x-ray scattering was also used for the kinet-
ics experiments. Experiments were executed using the sur-
face (100) superstructure reflection as a monitor of order
near the surface. The (100) beam was examined by recording
diffraction profiles in the 4 direction, keeping k and / fixed.
The resolution in the 4 direction was set by the detector slits
to be 0.003 or 0.000 75 A~!. Figure 4 shows data from the
start of a typical measurement. Prior to the quench, the de-
tector was set to scan only a small range in & centered on the
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FIG. 4. Variation of the sample temperature and intensity of the
(100) diffraction beam during the initial stages of a kinetics experi-
ment. See the text for details.
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position of the (100) peak; each short scan took about 20 s
and did not usually include enough of the line shape to allow
us to estimate the line width. This range was scanned con-
tinuously during the first few hundred seconds of the quench
while 7 and (100) peak intensity were changing rapidly. In
the case of Fig. 4, T decreases rapidly, undershoots T, by
about 1.4 K after about 120 s, and then rises to within 0.5 K
of T; after 300 s. The (100) intensity mirrors this behavior.
There is an initial rapid rise to a maximum at the maximum
T undershoot. The intensity then decreases slightly before
starting to increase again. Following the initial rapid
changes, at about 410 s in the case of Fig. 4, the diffracto-
meter alignment was checked and the scan size was in-
creased to include the entire (100) line shape. The first three
scans across the entire peak are shown in Fig. 4. For all but
two experiments, information about the (100) peak shape is
only available from this time forward. Alignment was also
checked periodically throughout the experiment.

IV. EXPERIMENTAL RESULTS
A. Surface composition

The composition across the entire sample surface was
mapped using AES to insure that there were no differences in
the compositions of the individual grains. The Cu concentra-
tion was constant to within £0.75%.

The average Cu composition is estimated to be 59% using
the procedure described by Davis et al.** Although the ac-
curacy of this estimate is probably not better than 5-10 %, it
is good enough to show that the surface termination is much
nearer 50% Cu than 100% Cu, if A is assumed to be in the
range 5-10 A (3-5 interlayer spacings).%’46 However, an
average composition of 59% is also consistent with the 56%
Cu-44% Au surface termination extracted from x-ray data.?!

More importantly, we have also made detailed measure-
ments of the relative surface composition R=1c,/14, as a
function of temperature including measurements at 2 or 5
degree intervals between 623 and 683 K where the bulk and
surface phase transitions occur. Data was obtained following
a strict protocol because the approach to structural equilib-
rium is slow and because of the hysteresis associated with
the first-order bulk transition. Thus, in each experiment, tem-
perature was changed precisely at 1 h intervals and the Auger
spectrum recorded just before the next temperature step. Our
results indicate that the surface composition equilibrates
much more rapidly than the crystallographic order as re-
ported previously.>?? Figure 3 shows changes in the ratio
R=1¢,/1,, from its average value of R,,=1.13*+0.01 deter-
mined between 623 and 683 K; i.e., the vertical axis is
R/R,, . The data lie slightly higher at higher temperatures. If
we assume the change is linear, then R/R,, increases by
1.6% between 623 and 683 K. This corresponds to a small
increase in the average Cu concentration of less than 0.005
(i-e., 0.5%). Whether this change occurs continuously cannot
be decided from the data in Fig. 3. For example, the data are
also consistent with nearly constant R/R,,=0.994 for
T<648 K, an increase to R/R,,=1.000 for 648 K
<T<665 K, and another small increase to R/R,,= 1.009 for
665 K<T<683 K.

Above 683 K, we find that the surface concentration of
Cu increases more strongly in agreement with earlier
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FIG. 5. Maximum intensity for the (001) beam as a function of
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to 10% of its maximum value. The inset shows representative (001)
line shapes above and below Ty, (circles are at 633, squares at
650, and triangles at 656 K).

studies.>!® We note that the results of a recently reported
analysis of x-ray-scattering data that concludes that the sur-
face layer Au composition is independent of temperature?®!
are not in agreement with our results or the results of Buck,
Wheatley, and Marchut'® using ion scattering data.

To summarize, although analysis of Auger data is not ac-
curate enough to determine the absolute surface composition
or its variation with depth, our results are consistent with a
surface terminated by a 50% Cu and 50% Au layer, in agree-
ment with most previous studies. Between 623 and 683 K,
where two phase transitions occur (see below), there is an
increase in the average Cu concentration of 0.005, at most.
This change may take place incrementally, but higher preci-
sion measurements are needed to confirm this.

B. Quasiequilibrium bulk and surface transitions

The quasiequilibrium properties of the transition were
studied by measuring line profiles of several reflections as
the temperature was increased or decreased through the tran-
sition over a period of many hours. The degree of bulk long-
range order was monitored by measuring the line profile of
the out-of-plane (001) Bragg reflection. The in-plane (100)
reflection was used to monitor surface long-range order. The
inset in Fig. 5 shows several line profiles of the (001) bulk
reflection at representative temperatures. These line profiles
are Gaussian for T<<Ty,; and Lorentzian for 7> Ty, as
expected for the ordered and disordered phases, respectively.
The (001) peak intensity of the Gaussian component versus
temperature is shown in Fig. 5 which illustrates the rapid
disappearance of the bulk compositional order at Tyuy.
T vu is determined from temperature at which the intensity
reaches 10% of its maximum value, which is 644.5 K. Other
choices of the definition of T, , such as the extrapolation of
the intensity to zero or to 50% of the maximum, yield values
within 2 K of 644.5 K.

Surface sensitive measurements were performed in the
GIXS mode with the grazing angle of incidence a=0.5°.
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For this geometry, measurements across the (100) reflection
in the k& (or k) direction provide information about in-plane
order (i.e., order parallel to the surface plane). Figure 6
shows typical line shapes of the (100) surface peak for vari-
ous temperature above Ty,. We refer to these measure-
ments as quasiequilibrium since the sample was annealed
at each temperature only until the change in intensity be-
tween two sequential scans was less than the signal to noise.
Typically this required 1-2 h. As discussed in the next sec-
tion, structural equilibrium is reached only after tens of
hours. Note that the profiles in Fig. 6 consist of a sharp
T-dependent  Gaussian component and a  broad
T-independent Lorentzian component. The Lorentzian com-
ponent is the contribution from the short-range order of the
bulk disordered state. However, the Gaussian component is
quite unexpected. It indicates the presence of long-range or-
der in the sample despite the fact that the bulk is disordered
in this temperature range. Since the intensity of the Gaussian
component was found to be independent of the x-ray incident
angle a, we attribute the long-range-order component to an
ordered layer at the surface of the Cu;Au sample.®3! Figure
7 presents peak intensities of the Gaussian component as a
function of temperature for the (100) surface and (001) bulk
reflections. The two sets of (100) data were obtained simul-
taneously from different crystallites in the mosaic structure.
The most important feature of Fig. 7 is that long-range order
disappears in the bulk at Ty, = 644.5+2 K but persists until
To=664+2 K in a layer near the surface.® We measure
Tout by the temperature at which the (001) intensity has
reached 10% of its maximum value. The (100) intensity dis-
appears altogether by 666 K and this temperature could be an
alternative measure of 7',s. Thus x-ray-diffraction results
indicate that order persists at temperatures above Ty - Sur-
prisingly, we also observed similar behavior on a stoichio-
metric crystal later.!

The intensity along the (10) reciprocal-lattice rod which
passes through the (100) surface and (101) bulk reflections
[Fig. 2(b)] was also studied. Typical intensity data near (101)
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FIG. 7. Peak intensities from (001) bulk and (100) surface re-
flections. The surface reflection persists above the bulk transition
temperature Ty, . T is defined as the temperature at which the
(100) peak falls to 10% of its maximum value. The horizontal lines
connect the initial and final temperatures of the quenches used for
studies of the ordering kinetics; each line is labeled by the final
temperature.

at T=644, 650, and 664 K are shown in Fig. 8(a). For
T<Tpux» the (101) beam consists of a single, sharp peak due
to bulk long-range order. This intensity has the same 7" de-
pendence shown for the (001) beam in Figs. 6 and 8. Above
T v » the profile becomes more complex. Along the (10) rod
it broadens into a feature with two poorly resolved maxima
that are symmetrically displaced from the (101) beam. Figure
8(b) shows a contour plot of this feature measured at 649 K
in the A/ plane containing the [100] and [001] directions. The
diamond-shaped contours are due to the bulk short-range or-
der caused by type-I antiphase domain boundaries'®!* as
shown schematically in Fig. 2(b). The more intense, cigar-
shaped distribution concentrated along the (10) rod is the
double-peaked feature in Fig. 8(a). The elongation in the
[001] direction and the narrow width in the [100] and [010]
directions are consistent with type-I antiphase domain
boundaries that are oriented parallel to the (001) surface and
have in-plane bulk long-range order. The temperatures for
which the double-peaked feature is observed are plotted as
stars in Fig. 1 and show that this feature occurs in the
CusAu II region of the phase diagram. Good fits to the in-
tensities of the double-peaked features in Fig. 8(a) were ob-
tained using two Gaussians of equal width plus a linear back-
ground. The splittings A/ between the Gaussians yield the
mean spacings M =a,/Al between domain boundaries ori-
ented parallel to the surface; the M’s so obtained range from
17aq to 22a, and are plotted as stars in Fig. 9. The standard
deviation for each M, calculated from the Gaussian width, is
comparable to, or slightly larger than, M; i.e., the order is
poor. Figure 9 will be discussed in more detail later.

We now discuss evidence for an antiphase domain bound-
ary structure observed on our sample for temperatures below
Tou- Figures 10(a) and 10(b) show representative x-ray
scans for the (001) bulk reflection at 621 K and the (021)
beam at 633 K both taken along the / direction. Sharp satel-
lites are observed in both cases—to second order for the
(021) beam. It is evident that some type of long-range peri-
odic structure develops perpendicular to the surface of our
sample. The satellites disappear as the temperature is raised
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FIG. 8. (a) Typical scans through reciprocal space along the (01)
reciprocal-lattice rod above and below the bulk transition tempera-
ture. The fits are discussed in the text. (b) Intensity contours in an
lh plane passing through the (101) reflection; 7= 649 K.

above about 650 K or lowered below about 610 K. A detailed
study of the temperature dependence and annealing behavior
of these satellites was not carried out. The separations be-
tween the satellites and main peaks for the (001) and (021)
reflections correspond to periods M of 11.4 ay and 10.5 aq,
respectively. These satellites are observed well inside the
CusAu I region of the phase diagram, rather than in the co-
existence region (see Fig. 1). Since satellites in the / direc-
tion for these superstructure reflections cannot be caused by
type-I antiphase domain boundaries [see Fig. 2(b)], they can-
not be due to frozen-in bits of the CuzAu II phase; i.e., they
cannot be explained with previous long-range periodic mod-
els that involve type-I antiphase domain boundaries.!>!® We
discuss possible origins of this long-range periodic structure,
including their possible association with excess Au, below.

C. Kinetics of ordering

Thermal quenches were done from an initial temperature
T; in the solid solution (disordered) phase 3—14.5 K above

Atomic Percent Au

FIG. 9. Average spacings M of antiphase domain boundaries vs
at. % Au (stars and squares from this work, +’s from Ref. 16,
X’s, Ref. 17).

T gy to an annealing temperature 7, as described in Sec. 1L
Data from the initial 1200 s of one experiment with
Thu<T;<Tgy are shown in Fig. 4. In this case, the order-
ing is rapid enough for the x-ray intensity to follow the tem-
perature undershoot; i.e., the intensity decreases slightly as
the sample warms to its final temperature. For 7,< Ty, the
response is more sluggish and a maximum does not occur
during the undershoot; i.e., the initial ordering is slower.

Figure 11 shows typical (100) profiles after various
elapsed times. Each profile consists of a narrow central peak
centered on a broader background peak of very low intensity.
This background peak is created during the initial stages of
the quench and is not observed to change once full line pro-
files are measured beginning at about 250 s, even after 24 h.
This suggests that some short-range disorder is frozen in dur-
ing the initial part of the quench. The maximum and inte-
grated intensities of the central peak increase up to the long-
est times studied. Simultaneously, the peak width decreases.
Both observations are consistent with continued growth of an
ordered domain. The background remains essentially con-
stant but noisy because of the low count rate. Individual
experiments were carried out for up to 10° s (27.8 h).

We find that a Gaussian yields the best fit to the long-
range order portion of the (100) surface peak data shown in
Fig. 11; i.e., the very low intensities of the short-range-order
component and the background were ignored. The Lorentz-
ian does not provide even a visibly good fit, although the
Lorentzian squared is a reasonable fit at later times. At these
times the Gaussian and Lorentzian-squared fits give the same
results, within the 95% confidence limits of the full width at
half maximum (FWHM) fit, for the average diameter of the
ordered domains. For quenches to Ty with Tg > T > Ty
where the maximum intensity is relatively small, the short-
range-order component is still less than 5% of the maximum
intensity [,, over most of the experiment. For experiments
with annealing temperatures 7,<Tp the short-range order
intensity is less than 1% of I,,. In either of these cases the
effect on the measured width is negligible. We removed the
contribution of the resolution (transfer) function of the dif-



12 608 RIVERS, UNERTL, HUNG, AND LIANG 52
10 3 % 100000 3
] [¢3) —_ E ooooo At = 251s
7 1 (a) % (001) 2 Teellat = 16908
+ "= 10000 4 ° = S
= 10 ° o | 3 00000 At =20661s
é E 0o T = 621 K S ] wrxnx At =86278s
. - < 1000; 2 :
eI 2 g
< 10 °3 ] ¢
~ 2 1004 . % L
3} ] a 3 X ’g . .
'5 1 g 1 oa " OﬁA o &
EURE " w3 0
() B — 3 * *
- i ]
= 1 ]
[ ] 1 T T
0.90 1.00 1.10
0y . h (r.l.u.)
0.50 0.75
l FIG. 11. Examples of (100) line shapes throughout a kinetics
experiment. The short-range order does not change once formed,
10° [

it d il L1l WA NN

Intensity (Arb. Units)

Lot 1l

10°*

FIG. 10. Superstructure reflections with satellites while far be-
low Ty - (a) (001) and (b) (021). These satellites cannot be ex-
plained by the CusAu II phase.

fractometer to the measured width by assuming it to be a
Gaussian. After the resolution function was removed, the re-
sulting values for /,,, the FWHM, and integrated intensity
were tabulated for each line shape along with the time for the
data point closest to the peak.

The maximum intensity /,, is proportional to the square of
the number of unit cells contributing to the line shape.'”
Figure 12(a) shows examples of the growth of /,, for two
T;, one at which only the surface layer is ordering and the
other at which both the surface and bulk are ordering. Gaps
in the data represent periods during which the synchrotron
beam was not available. An initial rapid intensity rise, shown
in Fig. 4, occurs primarily while the sample temperature is
still decreasing. However, once the final annealing tempera-
ture is reached, the intensity increases more slowly as indi-
cated by the data in Fig. 12(a). This behavior is typical of
kinetics experiments in general.19 We find no evidence for a
time delay between the start of the quench and the start of
ordering. This contrasts with experiments on the bulk kinet-
ics of CusAu where there is a time lag.!"*® The maximum

and bulk long-range order continues to grow in maximum intensity
and integrated area and to narrow. The background is essentially
constant.

time lag consistent with our data is, at most, 20 s. This limit
is set by the duration of the first scan after the start of the
quench, and usually T is still greater than T, at this time.

1, increases according to a power law with n=<0.07 for
t>1000 s when T is in the range where only the surface
layer orders. For Ty<Ty, I,, also increases slowly but can-
not be described by a power law except perhaps for the very
longest times studied, r>5 X 10* s.

The FWHM determined for (100) peak data like those in
Fig. 11 provide information about the growth of the har-
monic mean of the domain sizes W as measured along the 4
direction. Figure 12(b) show examples for quenches with
Ty <T<Tgy and with Ty<Ty,. W increases most
slowly for quenches into the ordered surface phase, more
rapidly for quenches near T, , and appears to be slow again
for quenches deeper below Ty . A possible explanation for
this is that, not only do a larger number of nuclei form for the
deeper quenches, but diffusion is slower. Quenches to tem-
peratures in the range Tgu> T ;> Ty Where only the sur-
face orders, show very slow growth that can be described by
a power law with exponent n=<0.07 for r>2000 s. For
quenches below Ty, the initial growth of W is described
by a power law with n=0.20%0.05 but the growth slows
substantially at longer times. Lines with 2 and ' are
shown in Fig. 12(b) for comparison. In all cases the growth
rate is much slower than the n=1/2 value predicted by
Lifshitz,” and Allen and Cahn®® for an ordering process in-
volving two energetically equivalent antiphase domains, and
observed for bulk Cu;Au.*>73® The growth exponent of 1/3 is
expected if the growth is limited by diffusion.*’

We note that W and /,, have different growth rates with
that of 7,, being higher. This indicates that the rates of
growth parallel and perpendicular to the surface are different.
Further insight can be gained by comparing W and the inte-
grated intensity 31. For the (100) data in Fig. 11, the detec-
tor aperture was large enough to integrate over both the &
and / directions so that 3/ is proportional to N,N N, where
N,:, N, and N, are the average number of lattice spacing
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FIG. 12. Summary of kinetics experiments. (a) Growth of the
(100) peak intensity /,, . (b) Growth of average domain widths W in
the /4 direction versus time for quenches from the disordered state.

in the A, k, and [ directions, respectively. W is proportional
to N, only. Because of the symmetry of the surface, we also
expect N,=N,. Thus, assuming that the structure factor
does not change significantly, a plot of SI/W? vs time will
provide a measure of the growth rate of N;/, i.e., the mean
size of ordered regions perpendicular to the surface plane.
Representative results are shown in Fig. 13. For a very shal-
low quench to T;=661 K (black triangles), 31/ W? remains
constant except for a maximum that occurs during the tem-
perature undershoot that occurs during the quench (see the
discussion associated with Fig. 4). For this case, once the
final temperature is reached, the thickness of the ordered
surface layer remains nearly constant while the long-range
order increases parallel to the surface plane. However, for all
deeper quenches studied, 31/ W? increases even for the long-
est times. Examples are shown in Fig. 13 for quenches to 649
K (circles) and 633 K (squares). [Unfortunately, quantitative
comparison of absolute intensities is not possible because the
kinetics data were taken during several running periods at the
synchrotron. Under these circumstances, the mosaic structure
sampled in each set of experiments varies slightly. The (100)
intensity data shown in Fig. 7 illustrate the typical range of
variations due to the mosaic structure. ]
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Finally, we note that our measurements were carried out
on a single sample and kinetics studies are often sensitive to
properties that might be specific to each sample. In our case
these might include a slight misorientation of the surface, the
mosaic structure, or undetectable amounts of contamination
by sulfur or some other impurity. We cannot rule out such
effects completely, but several factors suggest that they may
not be significant. First, the kinetics remained unchanged
over a period of about two years during which the sample
was removed from the uhv chamber, remounted several
times, sputter cleaned frequently, heated above the transition
temperature in vacuum many hundreds of times and in a
nitrogen atmosphere several times. Also, the same Kkinetic
and thermodynamic behavior was observed for different
grains of the mosaic structure. Finally, studies of our crystal
by another group21 are generally consistent with our results
where comparison is possible.

V. DISCUSSION
A. Surface segregation and ordering

The surface phase transition for our Au-rich alloy occurs
at a temperature of 664—666 K that is essentially the same as
the transition temperature for stoichiometric bulk Cuz;Au
(663 K). This suggests the following simple model: a surface
layer of stoichiometric Cu;Au forms at the (001) surface and
has an order-disorder transition near that of bulk CuzAu.
This results in an ordered layer at the surface in the tempera-
ture interval 644.5 K<T<665 K; i.e,. between the bulk or-
dering temperatures of Cus,Auyg and CuzAu.

The composition of the surface layer of ordered
Cu;3Au(100) is known to be of the 50% Cu-50% Au type.
This has been  established through  numerous
experimental'® 2! and theoretical*?>=%* studies. In fact, it has
been shown that Au segregates to the surface of most Cu-Au
alloys.?**4% Our Auger spectroscopy results discussed
above show that there is less than a 0.5% increase in the
near-surface Cu concentration as the temperature is raised
through the bulk and surface transition temperatures. This,
coupled with the results of Buck, Wheatley, and Marchut,18
who used a crystal with the same bulk composition as ours,
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and the theoretical result that the 50% Cu-50% Au is ener-
getically favored by about 0.3 J/m?,%* suggest that the (001)
surface composition of Au-rich CusAu crystals is very near
that of stoichiometric Cus;Au. Additional support for this
model is provided by Kumar and Bennemann® who argue
that the results of Buck, Wheatley, and Marchut'® are evi-
dence of stronger long-range order at the surface than in the
bulk. A larger increase in the surface Cu concentration begins
only at much higher temperatures, 725-775 K.

Thus, when the sample is at the temperature from which
the quenches began, the surface was already at a composition
close to that in the ordered state (50% Cu-50% Au) rather
than at the average bulk composition (72% Cu). As the tem-
perature is lowered, a layer with composition near that of
CuszAu nucleates and grows into the bulk. As discussed be-
low, this layer is actually CusAu II because of the presence
of type-I antiphase domain boundaries. Once the temperature
reaches the bulk transition temperature of Cus,Au,g, order-
ing begins in the bulk.

B. Long-period structures at the (001) surface

We obtain information about long-range periodic struc-
tures at the (001) surface including the observation of an-
other phase.

There is a very strong preference for type-I boundaries
that are oriented parallel to the surface as shown most clearly
in the cigar-shaped intensity feature in Fig. 8(b). In the bulk,
where all orientations are equally probable, the diffraction
has characteristic diamond-shaped intensity distributions
about the locations of the superstructure beams as shown in
Fig. 2(b). Since they are created by half-diagonal glides
along (110) directions, the intersection of a type-I boundary
with the (001) surface would result in the formation of a
single hei§ht step. However, scanning tunneling
microscopy!® clearly shows that only double height steps
form on this surface. We conclude that type-I boundaries that
intersect the surface are unstable. The double-peaked inten-
sity in Fig. 8(a) also indicates that there is a weak interaction
between type-I boundaries that results in partial ordering.
The mean spacings M that we determined, Figs. 1 and 9, fit
in with the general dependence on Au concentration estab-
lished by previous studies of the- CuzAu II phase.I6’17 The
solid line in Fig. 11 is the prediction of a model due to van
der Perre et al.”® in which the excess Au atoms are incor-
porated into the type-I antiphase domain boundary.

The existence of a long-range periodic structure observed
in the CuzAu I phase region (see Fig. 1) is demonstrated by
the sharp satellites shown in Fig. 10. We note first that, since
these sharp satellites are in the / direction around (001) and
(021) superstructure reflections, they cannot be due to type-I
antiphase domain boundaries or regions of CuzAu II
phase!>!® [see Fig. 2(b)]. From Fig. 9, the values of M cal-
culated from these data lie well below the van der Perre
curve. Instead, they fall very close to the dashed line which
is calculated assuming that all of the excess Au is incorpo-
rated into an extra 50% Cu-50% Au layer located at the
domain boundary. But this is just a type-1I domain boundary.

This observation has important implications for the order-
ing mechanism in our sample. We propose an extension to
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this line of thinking which still suggests bulk long-range-
order structure, but from type-II rather than type-I antiphase
domain boundaries. The model for this is as follows: (1)
Ordering begins at the surface at a temperature of 666 K. It is
reasonable to assume that this ordering layer is stoichio-
metric CuzAu because the transition temperature is quite
close to that of bulk stoichiometric CuzAu, 7= 663 K. (2)
As the temperature is lowered toward the bulk transition
temperature, Ty, = 644.5 K, the ordered layer grows deeper
into the sample. (3) Due to the finite solubility of Au in
CuzAu, some of the Au is randomly distributed through the
growing ordered domain, but most of it is carried into the
bulk at the order-disorder interface. (4) When the Au concen-
tration reaches a high enough level an extra 50% Cu-50% Au
layer forms, creating a type-II boundary. (5) As the growth
continues into the bulk, steps (3) and (4) are repeated form-
ing a periodic structure.

Once formed, type-II domain boundaries will be harder to
anneal out since this requires a larger energy cost than type-I
boundaries plus a substantial mass transport. Thus, sharp sat-
ellites result for the (001) and (021) beams at temperatures
15 K into the CuzAu I region of the phase diagram. Those at
(101) are not sharp because they are aligned with the split-
ting due to the type-I antiphase domain boundaries, i.e.,
CusAu II phase. The (021) satellites decrease in intensity and
the central peak increases if the temperature is lowered from
633 to 623 K.

This sharp satellite profile suggests large antiphase do-
mains with a fairly regular size distribution. This regularity
can be due to the process outlined above in steps (3) and (4).
One physical effect causing this could be the strain field from
the atomic size mismatch between Cu and Au. The formation
of antiphase domain boundaries, though costing configura-
tional energy due to an increase in high-energy Au-Au
bonds, will relieve strain. These boundaries thus become en-
ergetically favorable once a large enough strain field has
been established from the excess Au atoms in the matrix.

C. Ordering kinetics at Cu;Au surface

Growth of an ordered surface film occurs in two stages
following a quench from the disordered state to a 7 at which
only the surface can order. The first stage is rapid formation
of a partially ordered film during the first few hundred sec-
onds of the transient cool down period. This is followed by a
second, temperature-dependent, stage of slow growth. For
temperatures very near 7, the thickness of the surface layer
does not change significantly but there is a slow increase in
lateral order according to a power law with an exponent of
about 0.04. For quenches deeper than 655 K, the ordering
also continues to improve deeper into the bulk. Data between
655 and 660 K needed to study the transition between these
growth regimes are not available. The film contains an-
tiphase domain boundaries with type-I character that are ori-
ented parallel to the surface with a tendency to develop weak
long-range order with periodicity of about 20 bulk lattice
constants. However, type-I boundaries are not involved in
the lateral ordering process.

At lower temperatures, where the bulk can order simulta-
neously with the surface film, the growth remains slow but is
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no longer described by a power law and the thickness of the
ordered region increases throughout the annealing period.
Sharp satellites on the (001) and (021) beams provide strong
evidence for the development of a highly ordered array of
type-1 antiphase domain boundaries oriented parallel to the
surface.

It is tempting to explain the slow growth as due to the
excess Au atoms behaving like impurities. For example,
similar behavior is obtained for the Ising model with non-
conserved order parameter where the addition of static, ran-
dom impurities® 2 pins the domain walls, selects a maxi-
mum average domain width, and severely slows down the
growth. However, in our case, extrapolation of the diffusivity
data of Benci, Germagnoli, and Schianchi®® to the tempera-
ture range of our experiments suggests that the Au atoms are
unlikely to be fixed but will diffuse with root-mean-square
displacements of about one lattice constant in 10 s. However,
mobile impurities are also known to impede growth. Mourit-
sen and Shah® have shown that, for a pure system which
follows the Lifshitz-Allen-Cahn growth law, a mobile impu-
rity concentration of only 0.5% is sufficient to slow the ki-
netics consistent with n=In¢. Their In-In plot of average
domain size versus time (Fig. 4 in Ref. 54) is consistent with
an n=1/8 growth law, which Lipowsky and Huse>® have
shown also describes diffusion-limited growth of wetting
layers in binary fluid mixtures.

Unfortunately, studies of the effects of both excess Cu and
Au on the ordering kinetics of bulk CuzAu show that a Au
impurity concentration alone cannot explain the slow growth
rate in our sample. Shannon, Harkless, and Nagler*® find that
extra Cu in thin films of Cus;Au does slow the kinetics to
n=0.2 growth. In contrast, however, Rase and Mikkola®®
have shown that excess Au has no effect on the n=0.5 coars-
ening law. They studied three Au compositions, one essen-
tially the same as ours. The only effect of excess Au was to
limit the size of the domains to about 133 a, for a 27.9% Au
sample and about 36 a, for a 31.5% Au sample.

In terms of the model we described above, we expect the
boundary between the ordering surface film and the underly-
ing bulk to be a type-II antiphase boundary. At the start of
ordering, the surface composition is very nearly 50% Cu and
50% Au and acts as a template for development of the order.
The film grows rapidly into the crystal as nearly stoichio-
metric CuzAu with excess Au accumulating at the interface.
When this accumulation is large enough, an extra 50% Cu-
50% Au layer forms and becomes the template for growth of
an additional layer. In the bulk, the type-II domain bound-
aries are separated by about 10—11 g for our crystal. Near
the surface this spacing will be larger because the near-
surface Au composition may be less than its bulk value 28%
and because the initial growth may be too rapid for all the
excess Au to reach the interface. Once one (or more) type-1I
boundaries have formed it will be quite stable because of the
large amount of mass transport required to remove it. These
boundaries may also act as diffusion barriers for additional
redistribution of Au atoms trapped in the intervening regions.

Our model has some features in common with the two
phase mixture model proposed by Williams®’ to explain or-
dering in Au-rich bulk CujAu alloys. In his model, the or-
dered state is described as a mixture of pure CuzAu I and a
solid solution containing the excess Au in type-1I boundaries.
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As the sample is heated, the type-II boundaries become the
nuclei for generation of a solid solution with type-I bound-
aries. It is interesting to note that this model shares charac-
teristics of both first- and higher-order transitions since two
distinct phases coexist as for a first-order transition, but there
are long-wavelength fluctuations characteristic of a continu-
ous transformation. Additional measurements on the ordering
are needed to clarify the situation further.

VI. SUMMARY AND CONCLUSIONS

We have described an experimental study of the order-
disorder transitions at the (001) surface of a Au-rich Cu;Au
crystal including data about the kinetics of the transitions.
The actual composition of the crystal studied is Cu;,Ausg.
Structural ordering in this material requires many hours.
Thus care must be taken to minimize hysteresis effects asso-
ciated with the recent thermal history. The quasiequilibrium
properties were studied with x-ray scattering and Auger spec-
troscopy.

The first-order bulk order-disorder transition occurs at
Toux=644.5+2 K in good agreement with previous studies.
This is about 18-19 K lower than for stoichiometric
CuzAu. A phase, possibly metastable, with a translational
periodicity of about 10 unit cells is observed to at least 15 K
below Tpu. A model involving type-II antiphase domain
boundaries is discussed.

A layer near the surface remains ordered until
T =664*+2 K; i.e., about 20 K above Ty . This observa-
tion is different than reported for previous studies of sto-
ichiometric Cu;Au(001) where the surface layer is generally
reported to disorder continuously at temperatures below
Tpuk - In the temperature range Ty, <7 <7, s Where only
the surface layer is ordered, the crystal structure appears to
be similar to CuzAu II; i.e., ordered arrays of type-I an-
tiphase domain boundaries are formed. The value of T, and
previous work'® on a crystal of the same bulk composition
suggest that the surface layer could be CuzAu, but our com-
position measurements are not able to confirm this. However,
we do find that the average composition in the near-surface
region of Cu;,Au,g(001) changes by less than 0.5% during
the surface and bulk phase transitions. High-temperature
scanning tunneling microscope measurements could provide
valuable insights into the structure at the surface since it
appears that the Au and Cu atoms can be distinguished.'®

The growth of ordered domains following quenches from
the disordered state above T is very slow compared to all
previous studies on Cu-Au alloys. The diffracted intensities
continue to increase even for the longest times studied
(~24 h). Domain growth following quenches to tempera-
tures Thu<7Ty<Tg,s, where only the surface layer is or-
dered, is described by a power law " with n=0.04 for
t>300 s. The ordering occurs primarily parallel to the sur-
face. Domain growth for quenches to below Ty, does not
follow a power law and slows substantially at the longest
times studied. The incorporation of excess Au in low mobil-
ity type-I antiphase domain boundaries is one possible rea-
son for the slow growth. A short-range-order component of
the diffracted intensities forms during the first few hundred
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seconds of a quench and does not change significantly even
for the longest times studied.
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